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ABSTRACT 

We investigate the variation of current star formation in galaxies as a function of 
distance along three supercluster filaments, each joining pairs of rich clusters, in the 
Pisces-Cetus supercluster, which is part of the two-degree Field Galaxy Redshift Sur- 
vey (2dFGRS). We find that even though there is a steady decline in the rate of star 
formation, as well as in the fraction of star forming galaxies, as one approaches the 
core of a cluster at an extremity of such a filament, there is an increased activity of 
star formation in a narrow distance range between 3-4 Mpc, which is 1.5-2 times 
the virial radius of the clusters involved. This peak in star formation is seen to be 
entirely due to the dwarf galaxies (— 20 < Mb ^— 17.5). The position of the peak does 
not seem to depend on the velocity dispersion of the nearest cluster, undermining 
the importance of the gravitational effect of the clusters involved. We find that this 
enhancement in star formation occurs at the same place for galaxies which belong to 
groups within these filaments, while group members elsewhere in the 2dFGRS do not 
show this effect. We conclude that the most likely mechanism for this enhanced star 
formation is galaxy-galaxy harassment, in the crowded infall region of rich clusters 
at the extremities of filaments, which induces a burst of star formation in galaxies, 
before they have been stripped of their gas in the denser cores of clusters. The effects 
of strangulation in the cores of clusters, as well as excess star formation in the infall 
regions along the filaments, are more pronounced in dwarfs since they more vulnerable 
to the effects of strangulation and harassment than giant galaxies. 

Key words: Galaxies: clusters: general; Galaxies: evolution; Galaxies: starburst; 
Cosmology: observations. 



1 INTRODUCTION 

Star formation within individual galaxies is triggered by 
gravitational instabilities, induced by pressure variations 
due to density waves or shear forces, random cloud collisions 
or shocks due to stellar winds and supernova explosions (e.g. 
iKennicuttl 1 199ct ) . It is becoming increasingly clear that, in 
addition to these, the influence of external effects, related 
to the immediate environment of the galaxy, are equally im- 
portant in inducing star formation. Among the latter are 
the effects of merger and collision, stripping, accretion and 
harassment, which are responsible for both the triggering of 
star formation and quenching the process as the galaxy loses 
its gas content. 

It has been shown that the average rate of star 
formation in galaxies varies widely with redshift (e 
IMadau. Pozzetti. fc Dickinson! [l998l : (Poggianti et al.ll200i 



and so does the relative morphological fraction of galaxies 
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(e.g. lAbraham et al. 1 1 19961 : iGoto et al.ll2003l h providing di- 
rect evidence of the chemical evolution of galaxies with time. 
At any given redshift, however, the rate of star formation in 
a galaxy, and the morphological content of the galaxy pop- 
ulation, change with the local environment. Early studies 
showed that the relative morphological content of galaxies 
in a given volume o f space depen ds on the local projected 
galaxy density (e.g. |Pressler| [T980). Even though there is a 
clear link between the average st ar formation rate (SFR ) of a 
galaxy and its morphology (e.g. iMenanteau et al.ll2006l ). de- 
tailed photometric an d spectroscopic studies covering a large 
range of redshift (e.g. iRavindranath et alj|2006l : lYuan et alj 
2005) show that the they cannot be used as proxies of one 
another. 

Effects of this nature have been extensively stud- 
ied in galaxy clusters, where there is clear evidence of a 
systematic variation of properties like morphology, shape 
and SFR with distance from the centre of the cluster 
(e.g. jMelnick fc SargentJI 19771 : Iwhitmore. Gilmore. fc Jones! 
1 19931 : |Pe Propris et al.ll2003f ), even at higher redshifts (e.g. 
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iGerken et al.|[20o3 ). Clearly there are various factors to con- 
sider in quantifying both local and global environments, and 
galaxy evolution, in terms of parameters that reflect the ages 
of stellar populations and recent history of activity, as well 
as global morphology and the presence of small-scale struc- 
ture. Untangling the effects of these various factors require 
large samples, and the work in thi s field has only just begun 
(e.g. IChristlein fc Zabludofj|2005h . 

It is therefore interesting to investigate further into 
the nature of the evolution of galaxies, and which aspects 
of their physics respond to the local environment of the 
galaxy, and in what way. In the cores of rich clusters, 
for instance, it has been long known that t he star forma- 
tion rate in galaxies is highly su ppressed (Dressier Il980l ; 
IWhitmore. Gilmore. fc Jonesll 19931 ), and the current rate of 
star formation progr essively decreases a s the environment 
becom es denser (e.g. iBalogh et al.l |2002| ; iKauffmann et ail 
12004 ) . There seems to be a break in the relation between 
local projected density and SFR at a projected density 
about 1 Mpc~ 2 , and out to 3-4 times the virial radius of 
the cluster, the SFR remains well below tha t of the field 
dCouch fc Sharpies! 1 19871 ; IBalogh et ail 1 19981 ; iLewis et all 
l2002l ; lG6mez et al.ll2003h . This effect seems to be more pro- 
nounced among giant galaxies (Mr < 20), whereas dwarfs 
are found to be passive only within the virial radius of the 
cluster, o utside which almost all dwarfs are found to be star- 
forming l|Haines et al.l [2006a! ) . 

Given that only a minority of galaxies lie in clusters, is 
this a representative picture of galaxy evolution? The pro- 
jected local density of galaxies seems to be a naive repre- 
sentation of the environment of the galaxy, given the com- 
plex histories of galaxies. Observations and simulations of 
the large-scale structure of the Universe have also shown 
galaxies to be arranged in a network of fi laments and voids 
l|Einasto et al.l 1 19941 ; Ijenkins et al.l 1200 ll ). In simulations, 
galaxies seem to form in groups on this filamentary network, 
and with time the groups merge with others as they fall into 
rich clusters which lie at the intersections of these filaments. 
Indeed, observational evidence of such infall of groups, pref- 
erentially from the directions to neighbouring rich clusters, 
have been found in nearby systems (e.g. the Coma cluster 
lAdami et al1l20Q5h . Much of the evolution of the galaxies 
thus happens in the group environment, but the potential 
effect of the larger-scale environment is undeniable, given 
that it would fundamentally affect the history and dynam- 
ics of the parent group of the galaxy. 

In this paper we investigate the nature of star formation 
in galaxies along supercluster filaments, paying attention to 
the whether the galaxy is a dwarf or a giant, and the na- 
ture of the group or cluster the galaxy belongs to, as well 
as distance from its nearest rich cluster. In we identify 
the galaxies that belong to the hig hly filamentary structures 
of th e Pisces-Cetus supercluster IjPorter fc Ravchaudhurvl 
120051 ). and classify them according to their membership in 
groups. f|3] presents the dependence of star formation prop- 
erties (and also the fraction of passive galaxies) as a function 
of distance from the nearest cluster, for all galaxies, as well 
as subsets according to luminosity, group membership and 
the richness of the nearest cluster. The implications of these 
in terms of the insight they offer for the dependence of star 
formation on environment are discussed in [|4] and broad 
conclusions are drawn in Sj5] 



The cosmology used is £Im = 1 and Ho = 70 km s~ x 
Mpc -1 , though the trends we present do not depend on 
these parameters. 



2 THE PISCES-CETUS SUPERCLUSTER 
FILAMENTS 

A supercluster filament is a snapshot of a cluster in forma- 
tion, and the study of the properties of galaxies as a function 
of position along a filament is expected to provide insights 
into the processes involved in galactic evolution and cluster 
formation. Here we have chosen an ensemble of filaments, 
lying within the volume of the Pisces-Cetus supercluster, 
covered by the tw o-degree Field Galaxy Redshift Survey 
l|Colless et al.ll2003l . 2dFGRS). 

The clusters comprising the Pisces-Cetus supercluster 
within the 2dFGRS regio n, taken from the minimal s p annin g 
tree (MST) analysis of iBhavsar fc Ravchaudhurvl (|2000l ); 
iRavchaudhurv et alj (|in preparation! ), form the core of our 
sample. A complete list of positions and redshifts of the 
entire Pisces-Cetus supercluster, which extends some 15 de- 
grees to the north of th e 2dFG RS region, can be found in 
IPorter fc Ravchaudhurvl |2005l ). The filamentary nature of 
the 2dFGRS region can clearly be seen in the distribution of 
galaxies in the groups in Fig. [TJi, where the 2dFGRS galax- 
ies within 1840 km s _1 (three times the velocity dispersion 
of the clusters belonging to the supercluster), are plotted. 
The 2PIGG grou ps found within the same velocity bounds 
|Eke et al.ll2004l ) also show the same large-scale structure. 
The rich clusters, plotted as large circles on the same plot, 
can be seen to be mostly along these filaments forming the 
supercluster structure. 



2.1 Filament membership 

The 2dFG RS Percolation-I nferred Galaxy Group (2PIGG) 
catalogue (|Eke et all 12004! ) is a list of galaxy groups and 
their members, based on the North and South strips of 
the 2dFGRS redshift catalogue. It consists of approximately 
190,000 galaxies, about 55% of which are members of the 
^29,000 galaxy groups and clusters found using a friend-of- 
friends algorithm. This work leaves out about 20% of 2dF- 
GRS galaxies in under-sampled regions. In this paper, we 
use this subset of 2dFGRS galaxies, and hereafter, 2dFGRS 
refers to this subsample. Due to the varying survey limit, 
the absolute magnitude limit of the 2dFGRS at the mean 
redshift of the Pisces-Cetus supercluster varies across the 
supercluster region between Bj = — 17.2 to —17.9. 

From this sample, galaxies which belong to the three 
most prominent filaments longer than 20 hjQ Mpc, seen 
in Fig. Q] namely those joining Abell 2800-Abell 2734, 
Abell 2734 -EDCC 0365 and EDCC 0365-Abell 2716 (clus- 
ters from lAbell. Corwin. fc Olowinl Il989l ; iLumsden et al.l 
1992), were extracted (hereafter we refer to the clus- 
ters only with the 'A' and 'E' prefixes). The filamen- 
tary structure of the superclu ster is further discussed in 
IPorter fc Ravchaudhurvl |2005l ). 

We define the extent of each filament as a prolate 
spheroid, with the centres of the two clusters involved be- 
ing at each end, the distance between them being the major 
axis of the spheroid, and 6 h^g Mpc being the semi-minor 
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Figure 1. (a, Left) All 2dFGRS Galaxies within 1840 kms (3(x) of the mean recessional velocity of the Pisces-Cetus supercluster. 
The filamentary structure is clearly visible, (b, Right) Clusters of galaxies belonging to Pisces-Cetus supercluster filaments within the 
2dFGRS region and within 1840 kms -1 (3<r) of the mean supercluster velocity. The largest circles represent Abell clusters, and the 
medium-sized on es are supplementary Abell and Edinburgh-Durham clusters within the same redshift range. The groups of galaxies 
fake et al.1 2004. 2PIGG) within the same velocity bounds, identified from a friends-of-friends analysis of the 2dFGRS are shown as the 
smallest circles. 
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Figure 2. The galaxies that are members of the three filaments 
of the Pisces-Cetus supercluster, as defined in the text (ICQ}: are 
shown as crosses. All galaxies within the 2dFGRS in the region 
are shown as dots. 



Figure 3. A histogram of the r\ parameter for all 2dFGRS galax- 
ies within z < 0.1 is shown as the dashed line. Of these, the solid 
histogram shows galaxies within the bounds of the Pisces-Cetus 
supercluster and 1840 km s — 1 (3tr) of the mean recessional veloc- 
ity of the supercluster. 



axis. All galaxies falling inside this spheroid were taken to 
be members of the filament. So as to not omit cluster galax- 
ies at each end of the filament, we added the galaxies found 
from a percolation analysis to belo ng to the corresponding 
2PIGG "group" in lEke et al.l |2004l ). The resulting 965 fila- 
ment members can be seen in Fig. [2] highlighted as crosses 
in the general field of all 2dFGRS galaxies in this part of 
the sky. 

The distance between two clusters, and between a 
galaxy and a cluster, was ca lculated as t he comoving proper 
distance between them (see Hogg 1999). We used the mea- 
sured redshift of each galaxy as a measure of its distance 
from us, except if it is a member of a rich cluster, where the 
mean redshift of the cluster was used. 



3 STAR FORMATION PROPERTIES OF 
GALAXIES ALONG SUPERCLUSTER 
FILAMENTS 

Having identified the major filaments in the Pisces-Cetus 
supercluster, and the galaxies, groups and clusters that lie on 
them, in this section we look at their rate of star formation 
(represented by the r\ parameter) as a function of distance 
along the filaments. 



3.1 The r\ parameter 

Since our filaments are in the region covered by the 2dFGRS, 
we opt to use a simple parameter, related to the star forma- 
tion rate, that has bee n derived for most 2dFGRS galaxies. 
iMadgwick et al.l (|2002l ) used Principal Component Analysis 
of de-redshifted 2dF galaxy spectra to define a parameter rj, 
a linear combination of the first two principal components, 
which correlates well with the equivalent width of the Ha 
[E W ( Ha)] emission line, which in turn is a measure of SFR 
(e.g., lKennicutd[l983l ; iGallagh er. Hunter, fc Tutukovlll98i 
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iMoustakas. Kennicutt. fc Tremontil [20061. With some scat- 
ter, rj « —2.0 correspond to n o Ha emission at all, inc reasing 
to r) » 7 for EW(Ha) = 50A (jMadewick et alJl2003h . 

A histogram of the r\ parameter for all 2dFGRS galax- 
ies (Fig. [3] dashed line) shows two distinct peaks in the 
distribution, at r\ ~ —2.5 and at r\ ~ 0.05. This reflects 
the well-known bimodality of the local galaxy population, 
of re d, passive galaxies, an d bluer, star formin g galaxies 
(e.g. iKauffmann et alj 12004 iBalogh et aT]|2004 ). The dip 
or divide between the two peaks is at rj ~ —1.4. The first 
peak only contains ~ 30% of the galaxies with z < 0.1. 
iMadgwick et al.l <|2003h show that the first narrow peak cor- 
responds to E/S0 galaxies while the second broader peak 
represents later-type galaxies. Indeed, they also find a tight 
correlation between r\ and the birth rate parameter b, which 
is the ratio of current to past-averaged SFR. The divid- 
ing line between the two peaks at rj ~ — 1.4 corresponds to 
6~0.1, the value where the current SF R is only a tenth o f 
that in the past. The ji* parameter of iLewis et alJ (|2002h . 
which is the SFR normalised to the characteristic Schechter 
luminosity L„, is shown to be fx* =0.087 EW(Fa). There- 
fore, r/~ — 1.4 would correspond to ji, ~ 0.4. 

Also shown in Fig. [3] is the corresponding histogram 
(solid line) for the galaxies within the supercluster region 
as defined in Sj2] The supercluster histogram has a higher 
peak corresponding to passive galaxies. This would be con- 
sistent with a higher proportion of early type galaxies in 
the supercluster filaments, according to the morphology- 
de nsity relation , in ac cord with the SDSS-derived results 
of iTanaka et alJ (|2004h . 

In this study of the star formation properties of galax- 
ies, we look at the variation of two quantities as a function 
of position along the filaments and distance away from the 
nearest cluster: 

(i) the value of the rj parameter, which correlates with 
the current SFR of the galaxy, and 

(ii) the fraction of galaxies with rj < —1.4, which repre- 
sents the fraction of non-star-forming (passive) galaxies in a 
subsample. 

3.2 Star formation along the A2734-A2800 
filament 

We begin by looking in detail at the most prominent filament 
in the Pisces-Cetus supercluster, that linking A2734 and 
A2800, which is about 32 h^o Mpc long. The comoving dis- 
tance of each of the filament galaxies from one end (A2734) 
was calculated as described above. Members of A2800 were 
assigned a distance equal to the separation of the two clus- 
ters minus their projected distance from the centre of A2800. 

Along the filament, we chose bins of varying size ac- 
cording to the numbers of galaxies available. Closer to the 
two clusters, we chose smaller bins of 0.3-0.6 Mpc to 
sample the rapid variation of SFR within the virial radius of 
the cluster. For each bin, the mean distance of all member 
galaxies, and the mean rj, were calculated. 

Fig. [4] shows the resulting plot of mean rj as a function 
of distance from the centre of A2734. We also plot, in the 
bottom panel, the fraction of passive (77 < —1.4) galaxies in 
each bin. It can be seen, as expected, that the SFR is mini- 
mum at the cores of the two rich clusters, where the number 
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Figure 4. For the filament of galaxies linking A2734 and A2800, 
the mean rj is plotted as a function of the distance from the centre 
of A2734. The "field" value, the mean 77 for all galaxies of the 
2dFGRS, is around zero. The bottom panel shows the fraction of 
passive galaxies (r/< —1.4) in each bin. It can be seen, as expected, 
that the SFR is lowest at the cores of the two rich clusters, where 
the number of passive galaxies is also the highest. In addition, the 
value of mean rj seems to peak between 3—4 h^ Mpc from each 
end. 

of passive galaxies is the highest. The mean value of the 
77 parameter increases with distance to approximately the 
field value, since the mean 77 for all galaxies of the 2dFGRS 
is around zero. 

However, it can also be seen that between 3-4 h^g Mpc 
from the centre of A2734, there is a peak in the value of 
mean rj. Correspondingly, there appears to be another peak 
at the other end of the plot, at a slightly closer distance from 
the centre of A2800, although, within errors, it does not rise 
above the field. To investigate the reality of the signal, we 
will now stack all three filaments in our sample, and fold 
Fig. 2] such that we consider distances along the filament 
from the nearest cluster. 

Fig. [5] shows the distribution of the passive and star 
forming galaxies, in the immediate vicinity of the clusters 
A2800 and A2734 respectively. The concentric circles are at 
1 h^Q Mpc intervals. It can be seen that in the 3-4 h^g Mpc 
annulus there are more star forming than passive galaxies 
for both clusters. 

3.3 Star formation properties of galaxies in all 
three filaments combined 

Here we combine the three filaments longer than 20 
/ifo 1 Mpc, namely those joining A2800-A2734, A2734-E0365 
and E0365-A2716, as seen in Fig. [2] All galaxies belonging 
to the three filaments were grouped in bins of varying size 
according to their distance from the nearest cluster (repre- 
senting the extremities of the filaments). As above, we plot 
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Figure 5. The distribution of passive (r;< —1.4) galaxies shown as filled circles and star forming {r}> —1.4) galaxies shown as crosses in 
the region surrounding (left) A2800 and (right) A2734. Only galaxies belonging to the A2734-A2800 filament are shown. The concentric 
circles represent 1 Mpc intervals. 



Table 1. Virial radii for Pisces-Cetus clusters involved in this 
analysis 



Cluster 


oy 




Virial radius 




(km s- 1 ) 




(h" 1 Mpc) 


A2734 


848 


141 


2.5 


A2716 


812 


77 


2.4 


A2800 


567 


79 


1.7 


E0365 


442 


78 


1.3 



the mean value of r\ and the fraction of passive galaxies 
in each bin in Fig. [6] For comparison between the trend of 
the SFR with distance for the filament galaxies, with that of 
galaxies elsewhere, we compute "field" values from the whole 
2dFGRS, where distances are calculated from the nearest 
2PIGG group of ^ 30 members (the equivalent of a rich 
cluster), shown as the dashed line. 

While the "field" values of mean r\ increase steadily with 
distance from the centre of the nearest cluster, the galaxies 
in the filaments, binned in the same way, show a sharp peak 
between 3-4 Mpc, confirming our finding from the single 
filament above. 

The virial radius of a cluster can be approximately 
derived from its radial velocity dis persion as i? v j r ~ 
0.002 oy h' 1 Mpc (|Girardi et al.1 1l998T l. where ay is given 
in km s - . For the four clusters that lie at the intersection 
of the three filaments involved in this study, we computed 
the virial radii from this relation, which are given in Ta- 
ble [T] The radial velocity dispersions were calculated using 
the algorithm of iDaneseT de Zotti. fc di Tullid (|l980| ). from 
2dFGRS redshifts. The mean virial radius for these clusters 
is about 2 h?Q Mpc, which means that the abrupt peak of 
enhanced star formation appears at about 1.5-2 virial radii 
from the centres of the clusters concerned. 

A corresponding dip in the fraction of passive galaxies 
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Figure 6. (a, Top) For the three filaments combined, the mean 
i) as function of distance from the nearest cluster is shown. The 
dashed line shows the mean r) as function of distance from the 
nearest 2PIGG group with 30 members for all 2dFGRS galax- 
ies, (b, Bottom) For the same galaxies as above, the fraction of 
these galaxies with an rj<— 1.4 is shown as a function of distance 
from the nearest cluster. The dashed line showing the same frac- 
tion as a function of distance from the nearest 2PIGG group with 
^ 30 members for the whole 2dFGRS. 



is also seen at this distance. Of course, star formation is 
suppressed as the galaxy approaches the core of the cluster, 
leading to a low mean r] and a higher fraction of passive 
galaxies interior to this distance. The implications of these 
trends are discussed in Sj4] 
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3.4 Star formation in giant and dwarf galaxies 

As samples of galaxies with estimated star formation proper- 
ties grow larger, it would become easier to study the relation 
between star formation in a galaxy and various properties of 
its environment, and tho se of the galax ies t hemsel ves. From 
SDSS-DR4, for example. IrTaines et al.l (e.g. [2006a|) find that 
among giant (Mr < —20) galaxies, the fraction of passive 
galaxies (H a EW<4A) declines steadily out to 3-4 times the 
virial radius Ry , whereas the fainter dwarfs are passive only 
within Ry, outside of which they are overwhelmingly star- 
forming. The fact that passive dwarf galaxies are rare even in 
the infall regions of rich clusters (where low velocities would 
make mergers more probable) would imply either, that star 
formation in dwarfs is not easily quenched by mergers, or 
more plausibly, that the mergers between dwarfs are not very 
common. Instead, dwarfs seem to be more vulnerable, in the 
more crowded regions, of the stripping away of the outlying 
diffuse gas, which is the potential fuel for star formation, by 
the more massive haloes of the giants they become gravi- 
tationally bound to (e.g-. lLarson. Tinslev. fc Caldwelllll980l . 
also known as strangulation). 

Here, we ask whether this trend in the SFR of galax- 
ies along the filament depends on whether the galaxy in 
question is a giant or a dwarf. We divide the galaxies plot- 
ted above in Fig. HJ] into two subsamples: giant galaxies 
(M B < -20) and dwarf galaxies (-20 < Mb «S -17.5). As 
a result, there are 119 giants and 846 dwarfs in the three 
filaments used above. We plot the mean value of r\ as a mea- 
sure of star formation, and the fraction of passive galaxies, 
as a function of their distance from the nearest cluster, in 
Fig. [7] with dwarfs plotted as open triangles and giants as 
filled circles. 

It seems that the peak in mean rj seen in Fig. [6] between 
3-4 h^Q Mpc, is almost entirely due to enhanced star forma- 
tion in dwarfs- indeed there are no passive dwarf galaxies in 
the bin containing the peak in mean rj (see bottom panel of 
Fig. El 

The more luminous galaxies (Mb ^ —20) seem to have 
the same deficiency in star formation at the very cores of 
clusters, and have an overall lower rate of star formation 
than the dwarf galaxies, thus not contributing much to the 
trend of rj with distance. Although, the mean rj with distance 
from the centre of the nearest cluster of just these giant 
galaxies, seems to show a peak in activity in the range 1.5-2 
h^Q Mpc, the small number of galaxies in that bin (iV = 13) 
put a large element of doubt on its validity. These results 
are discussed in more detail in §4] 

3.5 Enhanced star formation as a function of 
cluster richness 

If the tidal influence of the galaxy cluster at the end of the 
filament were responsible for the enhanced star formation 
seen above, then we would expect to see a correlation of 
the position of the peak SFR with the richness of the clus- 
ter. One would indeed expect galaxies falling into clusters of 
larger velocity dispersion to encounter tidal forces at larger 
distances. 

We therefore split the four clusters that form the ex- 
tremities of our filaments into those with high velocity dis- 
persions (A2716: 812 km s" 1 , A2734: 848 km s" 1 ) and those 
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Figure 7. Star formation in giant galaxies (Mb 5; —20), com- 
pared to that in dwarfs (— 20 < Mb ^—17.5), in the sample used 
in Fig. \E\ (a, Top) The mean star formation rate parameter rj is 
shown as function of distance from the nearest cluster, for dwarfs 
(open triangles) and giants (filled circles). It appears that the 
enhanced star formation at ~3 Mpc appears only in the dwarfs, 
(b, Bottom) The fraction of the galaxies with rj < —1.4 (passive 
galaxies) is shown as a function of distance from the nearest clus- 
ter. There are no passive dwarf galaxies in the bin containing the 
peak in mean rj. 

with low velocity dispersions (A2800: 567 km s -1 , E0365: 
426 km s _1 ). Fig. \8\ shows the resulting values for mean 
rj as a function of distance for the high and low velocity 
dispersion cluster samples. It can be seen that there is no 
significant difference in the position of the low velocity dis- 
persion cluster peak in mean rj (filled circles) and the peak 
in the high velocity dispersion cluster peak (open circles). 

3.6 Star formation in groups on inter-cluster 
filaments 

The suppression of star formation with increasing local den- 
sity of galaxies has been observed to occur in giant galaxies 
at ve ry low values (~1 Mpc~ 2 ) of the local projected density 
(e.g. iLewis et ai1l2002l : iGomez et al"1l2003H . which are typ- 
ical of densities well outside the virialised regions in clus- 
ters, indicating that the cause does not lie entirely in the 
influence of the cluster environment. One suggestion is that 
much of the evolution of galaxies occurs in groups during 
their life on the filaments, before the groups are assimilated 
in clusters. Evidence supporting this is found in the exis- 
tence of galaxies with hot X-ray emi tting haloes in groups 
(|Q'Sullivan. Forbes, fc Ponmanll2001f) . If so, the trend seen 
in the previous section would be different for filament galax- 
ies that belong to groups and those that are relatively iso- 
lated. 

We could have looked for differences in star-forming 
properties between galaxies belonging to groups and those 
not in groups on these filaments, but the test proved incon- 
clusive due to small numbers, since only 8% of galaxies in 
our sample do not belong to any 2PIGG group of 4 or more 
members. 
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Figure 8. The dependence of the mean star formation rate of 
galaxies, on the richness of clusters closest to them, is shown here, 
for the sample of three filaments used in Fig. \E\ (a, Top) Mean r\ 
as a function of distance from the nearest cluster is shown, where 
galaxies closest to the low velocity dispersion clusters (A2800 and 
E0365) are shown as filled circles, while galaxies closest to the high 
velocity dispersion clusters (A2734 and A2716) are shown as open 
circles, (b, Bottom) For the same galaxies as above, the fraction 
of the galaxies with r\ < —1.4 (passive galaxies) is shown as a 
function of distance from the nearest cluster. The dashed line in 
both cases shows the corresponding parameter for all galaxies in 
the 2dFGRS, where the nearest "cluster" is defined as the nearest 
2PIGG group with ^ 30 members. 



Instead, Fig.[9]compares the same quantities considered 
above, for galaxies that belong to groups in these three fil- 
aments, to those for similar group galaxies elsewhere in the 
2dFGRS. The dashed line represents the variation of mean 
r\ and passive galaxy fraction as a function of distance from 
the nearest cluster for all galaxies that belong to a 2PIGG 
group of four or more members (a cluster being denned as a 
2PIGG group of 30 or more members). The crosses represent 
the galaxies belonging to our sample of three Pisces-Cetus 
filaments. 

The plots suggest that the star formation rate is more 
or less uniform in galaxies which are members of groups 
in the entire 2dFGRS catalogue, though at a slightly lower 
mean level than found in the field (shown as the dashed 
line in Fig. [6] irrespective of their distance from the nearest 
cluster, except for those group galaxies within ~ 3 Mpc 
of the centres of rich clusters. In sharp contrast, the trend 
we find of a peak in SFR between 3 — 4 h^ Mpc is seen 
in the group galaxies which belong to filaments, indicat- 
ing that the presence of the filaments markedly influences 
star formation properties in galaxies that belong to groups. 
The variation is even more highlighted in the bottom panel, 
showing the fraction of passive galaxies in each bin. The 
physical processes that govern the excess of star formation 
in these galaxies clearly are more related to the supercluster 
environment than the group environment. 
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Figure 9. Star formation in galaxies in 2PIGG groups: those in 
the Pisces-Cetus filaments compared to those in the whole of the 
2dFGRS: (a, Top) The mean value of r) as a function of distance 
from the nearest cluster. Filament galaxies which are members 
of groups (2PIGG groups, N ^ 4) are shown as crosses, while 
all galaxies in the 2dFGRS which are members of similar 2PIGG 
groups are represented by the dashed line. The peak in r\ is not 
seen in the latter category, (b, Bottom) The fraction of passive 
filament galaxies (77 < —1.4) as a function of distance from nearest 
cluster for the same samples. 



4 DISCUSSION 

The most striking of our results are those seen in Fig. [5] 
where we look at galaxies which are members of filaments 
connecting pairs of rich clusters of galaxies. Firstly, we see, 
as expected, the decline in SFR in these galaxies, from those 
in the filament environment on the periphery of a cluster, to 
the galaxies in the cluster core. This indicates that a physical 
mechanism is at work that quenches star formation progres- 
sively as a galaxy approaches the core of the cluster potential 
well. This trend is consistent with that seen in other envi- 
ronmental studies, b oth in the dependence of current star 
form ation rate (e.g., iBalogh et alj Il998l ; iKauffmann et all 
2004), and the variation in the incidence of recent star 
formation (|Nolan. Ravchaudhurv. fc K aban 2006), on local 
galaxy density. However, the unusual feature, in the case of 
galaxies belonging to inter-cluster filaments, is that on top 
of this decline, there seems to be evidence for a sharp burst 
of star formation at ~3 h^Q Mpc (1.5-2 times the virial 
radius) from the centre of the nearest rich cluster. 

It has been shown that galaxies can be surrounded b y 
haloes of hot X-ray emitting gas (e.g-. lPedersen et al.l l2006). 
However, it is likely that many more galaxies have a warm 
halo of gas with temperatures of 10 5 — 10 6 K, which is too 
cool to be detected in X-ray observations. This reservoir of 
warm gas would be expected to provide for continued star 
formation in the galaxy, and its loss would amount to the 
strangulation of star formation. 

As a galaxy approaches the gravitational potential well 
of the rich cluster at the extremity of a filaments, it would 
begin to encounter the hot /warm intra-cluster Medium 
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(ICM), possibly at a distance of the order of the virial radius 
from its centre. As the gaseous halo of the galaxy interacts 
with the hot ICM, the galaxy would lose their warm gas 
haloes through evaporation and possibly ram pressure strip- 
ping. This will lead to a steep decline in the SFR of galaxies 
within ~ 1.5 — 2 h^ Mpc of the centre of the cluster. This 
is seen in Fig. [6] In this region, galaxy-galaxy harassment 



l|Moore et al.l il999) will also be an important effect. How- 
ever, with most of the their reservoir of gas already hav- 
ing been removed by this stage, star formation will not be 
induced by the harassment, and the remaining gas of the 
galaxy will continue to be stripped, leading to the observed 
steep dip in SFR in the first two bins in Fig. [6] from the 
centre of the cluster. 

Even before this effect of the hot ICM begins to man- 
ifest itself on the SFR of infalling galaxies, the density of 
galaxies will already have begun to increase rapidly, which 
could be appreciable at distances as large as twice the virial 
radius. Approaching the outer regions of the cluster along a 
filament, galaxies would experience close interactions even 
before they experience any significant influence of the cluster 
gravity and ICM. Thus, the most likely cause for this ob- 
served sudden burst in SFR at ~ 3 h^Q Mpc from the centre 
of the cluster, would be galaxy-galaxy harassment, which is 
a rapidly acting process which works efficiently in crowded 
environments. This effect would be found superposed on the 
general trend of decrease in SFR towards the core of the 
cluster, as found in galaxies elsewhere. These galaxies are 
yet to encounter the hot and dense ICM of the cluster, and 
thus would have not had their gas stripped or evaporated, 
but the close interaction with other galaxies would lead to 
density flu ctuations in t he ga s, resulting in bursts of star 
formation. M oore et ah! l| 19991 ) show that harassment is a 
rapid effect, which would account for the sharpness of the 
peak in the SFR in this region. The range of distance over 
which this peak is seen is a narrow one, also because its ex- 
istence depends on both the existence of substantial fuel for 
star formation, as well as sufficient external influence which 
would act as trigger, and this occurs over a limited range 
between the sparser expanse of the filament and the dense 
ICM of the core of the cluster. 

A photometric stu dy ( Haines et al.ll2006bh of the nearby 
Shapley supercluster l|Ravchaudhurvl Il989l ) reveals an ex- 
cess of faint (Mr > —18), bluer star-forming galaxies at 
~ 1.5 h^Q Mpc from the centres of the rich cl usters in the 
core o f the supercluster. At higher redshift, iMoran et al.l 
|2005l ) observe a similar sharp peak in SFR (evident from 
redshifted [Oil] emission) in the outskirts of the rich cluster 
CL0024 at z = 0.4, at 1.8 Mpc from the cluster cen- 
tre, where galaxy harassment is cited as a possible cause. 
While it is encouraging to observe similar effects in other 
studies using different observables, the SFR peak found in 
the case of the Shapley supercluster or CL0024 is a factor of 
1.5-2 closer to the cluster core than the distance at which 
the SFR peak is found in our study. It is possible that the 
galaxies in the Pisces-Cetus filaments experience the effect 
of galaxy-galaxy harassment at a larger distance from the 
cluster centre, since the accretion of galaxies in this case 
occurs along relatively narrow filaments, resulting in simi- 
lar galaxy densities further out than would be seen in the 
case of clusters where galaxies are being accreted from all 
directions. 



Fig. [8] reveals no discernible dependence of the position 
of the peak in SFR on the velocity dispersion of the cluster 
involved, which would have been expected if the SFR trigger 
had been dominated by the gravitational effect of the cluster. 
Even if the tidal effects of the cluster potential contributes to 
the enhanced SFR, it is evidently dominated by local effects 

as described above. 

The effect of "backsplash" l|Gill. Knebe. fc Gibson! 

l2005h . which results from a galaxy on an oscillating orbit 
at the bottom of the potential well at the core of a cluster, 
is expected to be strongest at about ~1 Mpc from the cen- 
tres of clusters, and is thus not likely to have a strong effect 
on the peak in SFR seen in our filament galaxies, which oc- 
curs further out in distance. However, it may mean that the 
increase in SFR in some galaxies in the sharp peak may be 
even stronger than our mean suggests. 

The observed peak in SFR may even contribute to 
our steep gradient within ~ 3 h^ Mpc, making it steeper. 
The galaxies that are star forming will have had their 
gas temperature raised and thus when they encounter the 
ICM they will be more prone to evaporation and strip- 
ping and hence have a rapidly decreasing SFR (for a sim- 
ilar effect seen in starburst galaxies in a poor group, see 
iRasmussen. Ponman. fc Mul chacv 200l|). 

The caveat in the use of the r\ parameter as a proxy for 
current SFR might be that the principal component analysis 
used in obtaining the r\ parameter might not have removed 
contributions from active galactic nuclei (AGN) . It therefore 
remains a possibility that part of enhancement in mean r/ 
is due to AGN activity rather than conventional star for- 
matio n, consistent with the results of iRuderman fc Ebelind 
(2005) who find a prominent spike in the number of X-ray 
AGN in clusters at ~ 2.5 Ii^q Mpc. However, not all X-ray 
detected AGN have the u sual emission lines in their optical 
spectra (|Shen et alj|2007h . 

Fig. [7] shows that the enhanced SFR is almost exclu- 
sively seen in galaxies of lower luminosity (dwarfs) than in 
the giant galaxie s, as is indeed als o seen in the study of 
CL0024 galaxies (IMoran et al.ll2005l). Ot her studies of low- 
redshift galaxies (e.g. lHaines et alj|2006a ) have also revealed 
differences between the SFR properties of giant and dwarf 
galaxies. This supports our favoured scenario, since dwarf 
galaxies are expected to be more vulner able to galaxy ha- 
rassment than giants. IMoran et al.l (|2005h shows this, where 
almost all the galaxies in t heir peak in the [ OH] e quivalent 
width are dwarfs (also see ISato fc Martini |2006l) ). It also 
shows that the merging of galaxies is unlikely to be a major 
contributor, in which case the SFR would have been more 
enhanced in giants, which have a higher cross-section for 
mergers. 



5 CONCLUSIONS 

We have explored the environmental dependence of star for- 
mation in galaxies, belonging to supercluster filaments con- 
necting rich clusters of galaxies, in the Pisces-Cetus super- 
cluster, which lies within the 2dF galaxy redshift survey. 
We have used the r\ paramet er, a quantity derived from a 
principal component analysis (Madgwick et al. 2 0021 ) of the 
2dFGRS galaxy spectra, which is known to correlate well 
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with the equivalent width of the Ha emission line, as an 
index of current star formation rate within a galaxy. 

For galaxies belonging to three Pisces-Cetus filaments 
(each over 20 /if Mpc long), connecting three pairs of rich 
clusters, we have studied the variation of the mean r\ param- 
eter with distance along the filaments, from the cores of the 
rich clusters out to the sparser reaches of the filament. We 
have also investigated the variation of the fraction of passive 
galaxies with distance from the cluster cores. 

It is well known that the star formation rate in galaxies 
is the lowest in the cores of rich clusters, and we confirm 
this by showing that the value of mean r\ falls to its lowest 
value, corresponding to a maximum in the fraction of pas- 
sive galaxies, for both giant and dwarf galaxies in the cores 
of clusters, both in the supercluster filaments, as well as 
elsewhere in the 2dFGRS. Away from the cores of clusters, 
while the SFR increases steadily as the local galaxy den- 
sity drops, everywhere in the 2dFGRS, there is an increased 
activity of star formation, in a short distance interval be- 
tween 3-4 h^g Mpc from the centre of the clusters, for the 
galaxies belonging to the three Pisces-Cetus inter-cluster fil- 
aments studied here. This peak in star formation in filament 
galaxies is seen to be almost entirely due to dwarf galaxies 
(—20 < Mb ^ —17.5). The position of the peak does not 
depend on the richness of the cluster. 

We conclude that the most likely cause for this sharp en- 
hancement in SFR in the outskirts of the clusters is galaxy- 
galaxy harassment. This occurs when galaxies falling into 
the cluster along narrow filaments reach a certain density 
where close interactions between galaxies become important. 
For this to be effective, this has to occur before the galaxy 
loses most of its gas to stripping and evaporation due to the 
dense of ICM of the rich cluster. The predominance of SFR 
in dwarfs indicates that galaxy merging is not an important 
factor. 

Encouraged by the evidence of enhanced gal axy interac- 
tion f ound in the luminosity function of groups (|Miles et al.l 
12004 1 2006 ) , we have examined the influence of the group en- 
vironment on the variation of SFR in our sample of galaxies. 
However, we find that while the group members show the 
same general trend of gradually declining star formation in 
denser environments, as seen in all galaxies in the 2dFGRS, 
the sharp enhancement in SFR in the outskirts of clusters, 
as seen in this work, occurs at the same position for group 
members as for non-group members on the Pisces-Cetus fil- 
aments, and is not seen elsewhere. This suggests that the 
enhancement in SFR is mostly related to properties of the 
filament environment than the group environment for the 
galaxies concerned. 

Finally, although the results in this work are indica- 
tive of interesting environmental effects on star formation 
in galaxies, where the environment is characterised by pa- 
rameters beyond the usual projected local densities that are 
commonly found in the literature, they come from a small 
sample of about a thousand galaxies in three filaments in 
a single supercluster. Moreover, we have used an indirect 
measure of star formation (the r\ parameter) derived from 
the optical spectra of galaxies, and no allowance has been 
made for the possible contribution of AGN to the spectral 
parameters. We look forward to exploring these effects in 
a larger ensemble of filaments from both the 2dFGRS and 
SDSS surveys, not only using various measures of star for- 



mation, but also scrutinising the effects of a wider range of 
environmental parameters that large samples would be able 
to afford. 
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